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ABSTRACT
iii
1
The general objective of this report is to determine the
effect of longitudinal stiffeners on the static behavior of plate
girders based on observations of test girders, and to deveiop
methods of estimating the static strength of longitudinally stiff-
ened plate girders.
Bending tests on longitudinally stiffened plate girders
indicate that by controlling lateral web deflections, a longi-
tudinal stiffener can maintain a linear stress distribution until'
the ultimate moment is reached, thus eliminating the need for a
reduction in ultimate bending stress. Stiffener positioning and
proportioning requirements are formulated to ensure that the
bending stress distribution remains linear. For test girders with
stiffeners which fulfill these requirements, the observed ultimate
loads agree very closely with those predicted by the theory.
Shear tests on longitudinally stiffened plate girders reveal
that a longitudinal stiffener can control lateral web deflections
to the extent that separate tension fields can be developed in the
subpanels formed by the stiffener. Accordingly, a shear strength
theory is formulated by assuming that the shear strengths of the
subpanels can be developed independently of adjacent subpanels and
that the ultimate shear force of the stiffened panel is the sum of
the ultimate shear forces of the subpanels. Using this theory, the
shear strength is computed for a number of panel sizes and stiffener
304.9
positions. Comparison of these predictions with test results
indicates that the theory provides a reliable, though somewhat
conservative estimate of the shear strength of longitudinally
stiffened plate girders.
iv
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FORE WARD
Prior to 1961 the provisions for the design of steel plate
girders in most specifications were based on the theoretical buck~
ling strength of the web. Theoretical and experimental research on
transversely stiffened plate girders at Lehigh University has shown
that there is no consistent relationship between the ultimate
strength and the theoretical buckling strength of a steel girder~,2,3,4
Specifications for transversely stiffened plate girders for buildings
based on this work are now being used in this country.S
In 1963 a new plate girder research project was started at
Lehigh University with the general objective of determining the
contribution of longitudinal stiffeners to the static load-carrying
capacity of plate girders. The analytical phase of this research
consisted of separate investigations of the bending and shear
strength of longitudinally stiffened plate girders. The purpose of
this report is to present the results of these analytical studies.
Parallel experimental investigations are described separately in
6
another report.
- 1 - !
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BENDING STRENGTH
1. Introduction
The behavior of a transversely stiffened plate girder subjected
to pure bending can be described using the test data on measured
web deflections and bending stresses shown in Fig. 1. This data
was obtained from the test on specimen LB1, described in Ref. 6.
Plotted in Fig. la are lateral web deflection patterns measured
at four different loads. The initial deflected configuration of
the web is indicated for a load of zero kips and it can be seen that
the maximum initial deflection was about one and a half times the
thickness of the web. This situation is quite typical of welded
girders with high web slenderness ratios. The figure indicates that
the web deflections increased at a rather uniform rate in the upper
half of the web, which was subjected to compressive bending stresses,
while the deflections in the lower half of the web were somewhat
reduced as load was increased due to the tensile stresses present
in that region. Once again it can be stated that this behavior is
typical of welded plate girders with high slenderness ratios.
The behavior of transversely stiffened plate girders subjected
to bending is further illustrated by the curves of bending stress
distribution in Fig. lb. For the web, each plotted point
represents the average of two values obtained from gages mounted
on opposite sides of the web, therefore the curves indicate the web
- 2 -
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membrane stresses. Also, the linear stress distributions predicted
by conventional beam theory, that is, 0 = My/I, are shown in the
figure by light lines. The measured tensile stresses in the lower
portion of the web correspond very closely to those predicted by
beam theory, however, due to the increasing lateral web deflections
in the compression zone, a redistribution of compressive stresses
from the web to the compression flange occurs. The stresses in a
significant portion of the web between the neutral axis and the
compression flange are essentially zero while the compression flange
and a portion of the web adjacent to it carry a stress which exceeds
that predicted by beam theory.
The effect of a longitudinal stiffener on the behavior of a
girder subjected to pure bending can be explained with the aid of
the web deflection and bending stress distribution data of Fig. 2.
This data was obtained from specimen LB3, which was essentially
identical to specimen LBl except for the presence of a longitudinal
stiffener located one-fifth of the web depth from the compression
6flange.
The measured lateral web deflection patterns for four different
loads are plotted in Fig. 2a. In comparing these web deflections
with those plotted in Fig. la, a number of differences are apparent.
The web of specimen LB3 was initially deformed in a single wave
pattern while specimen LBl (Fig. la) had an initial deflected
configuration with two waves. The maximum initial deflection in
304.9 -4
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the web of LB3 was almost double the web thickness compared with a
maximum initial deflection of about one and a half times the
th~ckness for LB1. The magnitude arid pattern of initial web
deflections are random, however/ they can be controlled to some
extent by the amount of heat input during welding and by the
welding: sequence. The most significant difference between the
behavior of the two'girders :±s the extent ~of the increase' 'in web
deflections due to the applied loads. The maximum increase in
deflection at a load of 120 kips for LBl was 275% while tDe maximum
increase for LB3 at the same load was only about 45%. This resulted
from the fact that in specimen LB3 the web deflection growth under
load was controlled by the longitudinal stiffener.
Further information on the influence of a longitudinal stiffener
on bending strength can be obtained from a comparison of the stress
distributions in specimen LB3 (Fig. 2b) and LBl (Fig. lb). Although
the large initial web deflections of LB3.caused the web membrane
stresses to deviate somewhat from beam theory (indicated by light
lines in the figure), a redistribution of stress from the web to
the compression flange of the type shown in Fig. lb for specimen
LBl did not occur in specimen LB3. Beam theory could be used to
predict the compression flange stresses in LB3 very accurately for
the loads shown in Fig. 2b. Since the two girders were identical
in every respect except for the presence of a longitudinal stiffener
in specimen LB3, the stiffener must be credited with preventing an
extensive stress redistribution.
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The control of lateral web deflections in the compressed
portion of the web by a longitudinal stiffener has been observed
in a number of other tests on full size girders. 6 The corres-
ponding control of stress redistribution from the web to the
compression flange is an important result uf the use of a longi-
tudinal stiffener and will be further discussed in Sect. 3.
2. Compression Flange Stability
-5
The redistribution of stress from the web to the compression
flange of a transversely stiffened plate girder subjected to bending
has been described above (Fig. lb). Because of this stress redistri-
bution, Basler and Thurlimann reasoned that the bending strength of
a plate girder is governed by the strength of the compression
flange acting with a portion of the web as a column-. l It was
assumed that the bending strength would be reached as a result of
yielding or of instability of the TTcompression flange column TT .
Three types of instability were considered; lateral buckling,
torsional buckling and vertical buckling, the directions of which
are indicated by the arrows in Fig. 3.
For the first of the three compression flange column buckling
modes, lateral buckling, Basler and Thurlimann proposed the follow-
..-.... _.. ,.:"'"::.. .. 1
ing formulas to estimate the late:ralbuckling stress:
304.9
;
2(acr) = 1 - ~ for 0 SAt 5:./2a: . 4· ,
Y t
O:r)t 1 for 12'= 0 , A >
t
t
t~~where At = r J'
-6
C1)
"'.
r
tis the effective unsupported length, r is the radius of gYTation
of the compression flange column and e is the yield strain. Iny
the derivation of Eq. 1, it was shown that one-sixth of the area of
the web A acts with the compression flange, therefore the radius
w
of gyration is given by r = JIf/CA f + Aw/6Y, where If and Af are the
moment of inertia and the area of the compression flange, respec~
tively.
Assuming that a longitudinal stiffener is located close enough
to the compression flange to act with the flange in resisting
lateral buckling, the effect of the stiffener on the lateral
buckling stress of the compression flange column will,mow be
explored. Lateral buckling of the compression flange is a function
of the effective length, the material properties and the radius of
gyration of the compression flange column according to Eqs. 1.
The latter property is the only one which could be affected by the
presence of a longitudinal stiffener.
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Consider the three cases of Fig. 4, where the thQckness of
-7
the web is assumed to be zero. The radius of gyration for each of
the three sections is listed below.
Case I cr l = 7f 2
(:s)
A
s
c 1 A-fCase II +r 2 = J3' A
1 + sAf
2 A
+ (:s)
s
- Case III c 2
Af
r 3 = -43' A.6
,"" 2 + Af
For a longitudinal stiffener to have a beneficial effect on the
lateral buckling stress of the compression flange column, the radius
of gyration of the column with a stiffener must be larger than that
of the column without a stiffener. An examination of the cases
listed above shows that for c
s
<: c, r l is greater than r 2 and r 3 ;
for C
s
= c, r l = r 2 = r 3 and for cs ;> c, r 2 and r 3 are greater
than r l . Thus, only when the width of a longitudinal stiffener
exceeds the half-width of the compression flange can the stiffener
increase the lateral buckling stress of the co~pression flange
column. An increase in the size of the compression flange itself
wo~ld obviously be a more economical way to increase the lateral
buckling strength. Thus, it can be concluded Dl1at the lateral
buckling strength is not affected by a longitudinal stiffener.
-",.
."'\
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The compression flange buckling mode referred to by Basler
and Thurlimann as torsional buckling is commonly caliedlocal
buckling in beam and column analysis. 7 By considering the
compression flange as a long plate hinged at the flange-web
junction and subjected to pure edge compression at. its ends
-8
(Fig. 5), the following formulas for the torsional buckling stress
. were obtained: 1
(:~r\_ 1 - 0.53 (At - 0.45)1.36, for 0.45 < A,; </2
(2)
1
0'
t
for At >../2'
where At = 1.61 ~~, c is one half the width of the compression
flange and d is the thickness of the compression flange.
According to Eqs. 2, torsional buckling of the compression
flange is a function only of the compression flange dimensions and
the material properties. The effect of web restraint on torsional
buckling is negligible 7 and was not considered in deriving these
equations. Thereftore, there is no possibility that a longitudinal
stiffener will significantly increase the stress at which torsional
buckling of the compression flange will occur.
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Vertical movement of the compression flange is resisted by
the bending rigidity of the flange plate and by the restraint
-9
-.,
offered to the flange by the web. A sudden movement of~theflange
into the-web is referred to as vertical buckling of the compression
flange. The appearance of a test girder after vertical buckling
has occurred is shown in Fig. 6, taken from Ref. 4. Basler and
Thurlimann neglected the flange rigidity and, by equating the
transverse flange force components which result from curvature due
to bending to the Euler buckling load of a transverse strip of the
web, derived an expression for the limiting web slenderness ratio
(~= bit) below which vertical buckling would not be expected to
occur prior to compression flange yielding. This limiting slender-
ness ratio, given in Eq. 3, varies with the yield point of the
flange material and the magnitude of the tensile residual stresses
at the flange-web junction (ar ).
o.48E
~ max = /a (a +a )'y y r
An examination of the results of the six bending tests
described in Ref. 6 will be helpful in further discussing the
(3)
vertical buckling problem. Since one of the original objectives
of this test series was to investigate the effect of a longitudinal
stiffener in increasing the resistance of the web to vertical
buckling, the comp~ession flange was designed so that nei~her local
nor lateral buckling would:occurprior to compression-flange yielding.
I
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With web slenderness ratios between 407 and 447, failure due to
.vertical buckling would surely be expected according to Eq.. 3,
especially in specimen LBl which had no· longitudinal stiffener.
-10
The results of the tests pertinent to this discussion of vertical
buckling can be summarized as follows:
1) In each test, the ultimate load was reached as a
result of general yielding of the compression flange.
2) The axial strain measured in the extreme fibers of the
compression flange at ultimate load exceeded the yield
strain in each test. Visual observations indicated
that the compression flange was completely yielded at
ultimate load ..
3) Vertical buckling of the compression flange was observed
in three tests (LB2, LB4 and LB6). In these cases
testing was continued well beyond the ultimate load
before vertical buckling occurred.
The test results de§.cribed above seem to contradict the vertical
buckling theory repres~J~Bd by Eq. 3.
.:' ,,''i:>~
However, this is not neces-
sarily the case. Since it was assumed that the bending rigidity of
the compression flange plate could be neglected in deriving Eq. 3,
the equation can only predict a value of the slenderness ratio for
which the resistance of the web to vertical buckling becomes negli-
gible. While it is true that the additional resistance to vertical
buckling provicled by the bending rigidity of the compression,flange
304.9 -11
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will normally be very small, some bending rigidity will exist
until the flange is completely yielded due to the bending moment
acting on the girder. The photograph in Fig. 6 also indicates that
the compression flange must be completely yielded for vertical
buckling to occur; compression flange deformations of the magnitude
shown in this figure could not occur in a steel plate without
plastic hinges being developed.
Two conditions must be fulfilled before vertical buckling of
the compression. flange can occur: (1) the web must be slender
enough to permit large lateral web deflections to develop so that
the resistance to vertical buckling becomes negligible; (2) the
compression flange must be completely yielded so that its bending
rigidity also becomes negligible.
3. Ultimate Bending Moment
For transversely stiffened plate girders, the ultimate bending
moment, defined as the highest static moment which a girder section
can resist, is in some way related to the web slenderness ratio ~.
In girders with high web slenderness ratios, large lateral
deflections will develop in the compression zone of the web,
reSUlting in a redistribution of stress from the web to the
compression flange (Sect. 1). The stresses in the compression
flange and a portion of the web adjacent to the compression flange
can then exceed the values predicted by the beam theory formula
o = My/I, where y is the distance from the neutral axis to the fiber
-c,
304.9 -12
for which the stress cr is being calculated and I is the moment of
inertia of the entire girder section. As the web sl~nderness.ratio
is increased, this stress redistribution becomes more pronounced, or,
stated in a different way, a smaller portion of the web.~s effective
in resisting bending stresses with the compression flange. For
stocky webs, that is, for webs with low slenderness ratios, no
stress redistribution will occur. For very low values of ~, the
stresses in the web between the neutral axis and the compression
flange will reach the yield point cr , that is, the full plasticy
moment M of the section will be developed.p
In the following development, the ultimate bending moment M
u
will be non-dimensionalized by the yield moment M , which isy
defined as the moment required to initiate yielding in the compres-
sion flange, M . =08. The general relationship between they y
ultimate bending moment and the web slenderness ratio can be
summarized as follows:
M M
. For ~ - a u - p.
- A' M-M
y y
MMpu
For SA .$ ,S ~ So' M ~ M 2: 1;
Y Y
M
For ~ So'
u l'= M = ,
Y
M
For u <1S > So' My
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~ A is defined as the highest slenderness ratio for which Mp can be
developed and So is the highest slenderness ratio for which a linear
stress distribution can be developed according to beam theory.
Basler and Thurlimann. further defined ~ 0 as the slenderness
ratio at which, according to plate buckling theory, web buckling
1
would occur when the applied moment reached M. This slendernessy
ratio was expressed as So = 5.7 Je y ' which gives So = 170 for
structural carbon steel with 0 = 33.ksi. Based on Fig. 8 of Ref.y
8, SA was taken to be 53 for structural carbon steel. It was also
proposed that, at the maximum slenderness ratio permitted by Eq. 3,
a girder section consisting of the portion on the tension side of
the neutral axis plus the compression flange acting with an
effective width of the web equal to 30 times the web thickness
should be considered available to resist bending moment. From
Eq. 3, assuming (J = 33.ksi andGJ = 16.5 ksi, the correspondingy r
value of slenderness ratio is S B = 360.
The ratio M 1M is plotted against the web slenderness ratio
u y
in Fig. 7. As explained above, for a , = 33 ksi, M = M at SA =y u P
53; M= M at 13 = 170 and M = M of the reduced section of B B =
u you '
360. The corresponding bending stress distributions are indicated
in circles in the figure. The numerica+ values of Mu/Myat SA and
SB depend on the area ratio p = Aw/Af.l Since a curve passing
through the plotted points in Fig. 7 is essentially a straight line,
Basler and Thurlimann assumed that the following linear M 1M vs.
. u y
,.
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~ relationship would apply,
M
uM = 1 - 0.0005 p ( S - 5. 7I Jey)
y
Eq. 4. is plotted in Fig. 8 for various values of p •
,The influence of lateral or torsional buckling of the
-:-14
(4)
compression flange on the ultimate bending moment is incorporated
in Eq. 4 simply by replacing M by the respective critical momenty
M Since the stresses are related to moments by the expression
cr
~ = MIS, the equation for ultimate bending stress becomes
0= 0 [1 - 0.0005 P (S - .5.7 ! E/ (J ')Ju cr cr (5)
A reduction in the ultimate bending stress 0 is required only when
u
S ;> 5. 7 ~ E/0 c;; this the reduction as a percentage of the critical
stress 0' is 0.05 p (s - 5.7 ./E/o- \).
cr 'J cr
The flange stress reduction formula (Eq. 5) was proposed by
Basler and Thurlimann to compensate for the increase in compression
flange stress above the beam theory stress due to stress redistri-
bution in transversely stiffened plate girders with high web slender-
ness ratios. One of the points (Fig. 7, SB = 360) used to determine
the reduction curve was derived using the vertical buckling
equation (Eq. 3). However, it was concluded in Sect. 2 that the
compression flange must be completely yielded before vertical
buckling of the compression flange can occur. The bending strength
304.9 -15
theory reviewed above is based on the assumption that the maximum
moment which a girder section can resist is the moment required to
initiate yielding of the extreme fibers, M. The use of po~nt By
in Fig. 7 to develop the flange stress reduction curve is therefore
not justified.
The other two poin~s at SA = 53 and So = 170 CFig. 7) were
determined independently of the vertical buckling analysis, and
since the reduction curve is a straight line through these two
points, the reduction formula CEq. ~) can still be used. Further-
more, the reduction formula can be extended beyond S = 360, s~nce
this is a limitation based on the vertical buckling analysis. This
is partially verified by the test on specimen 1Bl, descr~bed in
Ref. 6. The ultimate load predicted. for this transversely stiffened
girder specimen, which had a slenderness ratio of 444, was 156.4
kips. A flange stress reduction of 10.7%, according to Eq. 5, was
used in calculating this theoretical ultimate load. The experi-
mentally obtained ultimate load was 156.5 kips, almost exactly the
value predicted. The applicability of Eq. 5 to girders with
slenderness ratios above 360 will be further substantiated with the
results of four other tests in·Sect.~6.
In Sect. 1 it. was shown that when a longitudinal stiffener is
effective in controlling lateral web deflections, stress redistri-
bution from the web to the compression flange is also controlled or
prevented. A linear stress distribution in the girder section
304.9 -16
results, and beam theory can then be used to predict the compres-
sion flange stresses. If this type of behavior can be maintained
until the ultimate bending moment is reached, the longitudinal
stiffener will have a significant and beneficial effect on the
bending strength. Since no stress redistribution will occur, a
reduction in the ultimate bending s,tress is not required, and the
simple expression
~u= ~cr (6)
can be used to compute the ultimate bending stress. (In this equa-
tion a is the buckling stress for lateral or torsio~al buckling
cr
from Eqs. 1 or 2, whichever is lower). A longitudinal stiffener
should be properly positioned and adequately proportioned so that
the ultimate bending stress can be computed according to Eq. 6.
4. Longitudinal Stiffener Requirements
In order for a longitudinal stiffener to control web deflections
and prevent stress redistribution from the web to the compression
flange, it obviously must be located somewhere between the neutral
axis and the compression flange. Although plate girder bending
4
strength is not directly related to web buckling strength, the
control of lateral web deflections by means of a longitudinal stiff-
ener is similar to the problem of increasing web buckling strength
by forcing a nodal line in the deflection pattern of the web.
Thus, it is assumed that the optimum stiffener position from a web
buckling viewpoint is also the most effective position for
controlling web deflections. An analysis of the
304.9
stability of a longitudinally stiffened web panel subjected to
pure bending has shown that the optimum stiffener position is
-17
..
between ~l = 0.2 and ~l = 0.22, depending on the degree of
restraint offered to the web by the flanges. 9 The web deflections
of the other test specimens described in Ref. 6 confirm that the
one-fifth depth pos ition (~l = 0.2) is effective. in controlling
web deflections to the extent that the stress distribution in the
web remains essentially linear. Therefore, the longitudinal stif-
fener position ~l = 0.2 will be adopted in the following discussion.
It. should be noted that if extremely high web slenderness ratios
are used (say ~ »450), a single longitudinal stiffener will not
be adequate to control web deflections in the entire region between
the neutral axis and the compression flange. The problem of posi-
tioning and proportioning multiple longitudinal stiffeners is beyond
the scope of this report, however.
In addition to the location requirement, an effective longi-
tudinal stiffener must be proportioned so that it will control weo
deflections and stress redistribution for loads up to the ultimate
load. The ratio of the width of the stiffener plate c
s
to.its
thickness d
s
must be kept low enough to avoid premature local
buckling of the stiffener. If it is conservatively required that
the stiffener stress reach the yield point before local buckling
occurs and if the restraint offered to the stiffener by the web is
neglected, the limiting width-thickness ratio.for the stiffener
1 t . 10P a e 1S
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where ~ is the yield point of the stiffener material. Fory
structural carbon steel with (J = 36 ksi, (c /d) = 13.Y s s.max
-18
(7)
With regard to longitudinal stiffener rigidity, two require-
ments are suggested. The first is that the stiffener posses the
minimum rigidity required to form a nodal line in the deflected
web up to the theoretical web buckling load (elastic). Based on
a buckling analysis( of a plate with a longitudinal stiffener at
nl = 0.2 and subjected to pure bending, at least two formulas for
minimum stiffener rigidity are available. ll ,12 The formula
proposed by Massonnet is the simpler one and will be adopted in
this work~l In the formula, given below, the required, stiffener
/
./
rigidi-t;:y ratio y. L'1: is expressed as a function of the aspect ratio
a and the stiffener area ratio 0L ~ As/Aw
2~L~': = 3.87 + 5.1Q'+ (8.82 + 77.6 0L)a ( 8)
where Y,L'1: is defined as· IL/lwand I w' the moment of inertia of the
3· 2
web, is defined by I
w
= bt:/1-2{-l: - v ). (IL is defined below) .
Above the theoretical web buckling load, the stiffener should
possess sufficient rigidity to control web deflections up~to the
ultimate load. A convenient method of ensuring that this is the
case is by considering the stability of the stiffener acting with
a portion of the web as a column in a manner analogous to the
•304.9 .,..19
compression flange column discussed in Sect. 2. Such a column is
shown in Fig. 9a, along with the compression flange column and the
linear stress distribution assumed for the girder section.
Neglecting the thickpess of the compression flange, the requirement
for the lateral buckling stress of the longitudinal stiffener column
is
() ~ cr )~cr crcry .t.s ~ 0.6 ····cry .t. (9)
"of
for ill = 0.2, where (cr /cr ) ,is the lateral buckling s tres s of the
cr y.{.
compression flange column according to Eqs. 1 and 2. Eq. 9 e:rsures
'- ./
that the longitu¢inal stiffener column will not fail prior to the
compression flange column. In Fig. 9b, this requirement is shown
graphically. The stiffener column slenderness parameterA.{.s is
given by
( 10)
(Separation of the two longitu¢inal stiffener functions is based on
the assumption that the web slenderness ratio is high enough that
the stiffened web plate buckles elastically before the longitudinal
stiffener column buckles).
The section to be used in computing I L and r L is yet to be
defined. It is customary to calculate the moment of inertia of
unsymmetrical (one-sided) stiffeners with respect to an axis
through the web-stiffener interface. 13 Ina few tests where
304.9
strain measurements were made to determine the width of the web
-20
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plate which particTpates in the transverse bending of.a .longitudinal
stiffener, it was determined that the mean effective width is
14
approximately 20 t,.. . The moment of inertia Is calculated using
the customary method is greatly exaggerated compared with the
value obtained using an effective width of the web with the stiff-
~ner .. The stiffener section properties I L, AsL and r L to be used
in'Eqs. 8-10 should be computed ,for a section consisting of the
stiffener plate and 20t of the web.
It should be noted that if a longitudinal stiffener fails to
fulfill the proportioning requirements given by Eqs. 8-18, there
is no justification in assumillryg that a stress redistribution from
the web to the compression flange will be prevented and that the
ultimate bending stress can be computed according to Eq. 6. In
,the case of an inadequately proportioned stiffener, the ultimate
bending stress should be calculated from Eq. 5, which is primarily
intended for transversely stiffened plate girders. This will be
verified experimentally inSect. 6.
5. Transverse Stiffener Requirements
.A longitudinal stiffener, in performing its role of control-
ling web deflections, will subject the transverse stiffeners to
concentrated forces at the intersection of the two stiffeners.
If the longitudinal stiffener were removed from the web, the
deflected shape Of the web would approximate a sine curve between
304.9 ....21
. transverse: stiffeners. Therefore, it will be assumed that the
longitudinal stiffener is subjected to a sinusoidal load.by the
web, as shGwn in Fig. lOa. The re~ctions at the ends of the
stiffener ·are R = POa/ TIand the moment at midspan is ML =
If it is conservatively required that the bending
•
stress in the longitudinal stiffener reach the yield point, the
corresponding value of Po is Po = GySL TI
2/a2 , where SL is the
sectiqn modulus of the longitudinal stiffener.
A transverse stiffener, at its intersection with the longi-
tudinal stiffener, will be subjected to a concentrated force 2R
from the two adjacent longitudinal stiffener spans (Fig. lOb) if
these spans are assumed.to be simply supported. Using~l = 0.2
for the position of the longitudinal stiffener~ the maximum
moment in the transverse stiffener can be determined as ~ =
8 TI<:r ySL/2 5et'. The maximum bending stress in the transverse stiff-
ener. is
8TI SL
25 ~,
permitted to reach <:r , resulting in the expression S =Y T
where ST is the required section modulus of the transverse
stiffener. Since the fraction 8TI/25 is very close to unity, the
simple formula
is obtained for the required section modulus of the transverse
stiffener.
(11)
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Due to the conservative assumptions made in the above
-22
derivation, Eq. 11 will result in a conservative design. However,
the resulting transverse stiffeners will normally not have to be
larger than they would be if designed by other available criteria.
If a longitudinal stiffener exceeds its minimum rigidity require-
ments, the value of 8T required by Eq. 11 can be reduced by multi-
plying it by the ratio of the required longitudinal stiffener
rigidity to the rigidity actually supplied.
6. Correlation With Test Results
Two series of tests are available to substantiate the expres-
sions which have been developed in this section for computing the
bending strength of longitudinally stiffened plate girders and for
proportioning the stiffeners of these girders. The first series is
described in Ref. 6~. The principal specimen parameters, the stiff-
ener properties and the correlation of the test results with theory
are summarized in Table 1. For four of the five specimens, the
longitudinal stiffener width-th~ckness ratio exceeded the maximum
value of 13 permitted by Eq. 7. In the ca~e of specimen LB4,
neither of the longitudinal stiffener rigidity requirements given
by Eqs. 8 and 9 were fulfilled either. Therefore, the ultimate
..
bending stresses for specimens LBl to LB4 have been computed using
Eq. 5. The resulting flange stress reductions varied from 10.5
1: The test specimens were designed before the longitudinal stiffener
requirements presented in this report hadbeen,deve16ped :there"" ' ...
fore, the proport~ons of6the longitudinal stiffeners were based
on other considerations.
..
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to.10.7% for the four specimens. The theoretical ultimate· loads
th . ex' exthp , the experimentally obtained loads P and the P IP ratios
u u u u·
are listed at the bottom of Table 1. The excellent correlation
between theory and test results confirms the applicability of
Eq.5 to girders with inadequately proportioned longitudinal
stiffeners and provides further evidence that this equation can
be successfully used for slenderness ratios up to 450, as tentati-
velyconcluded inSect. 3.
The longitudinal stiffener of specimen LB6 did fulfil the
requirements of Eqs. 7-9, therefore the theoretical ultimate load
pth was computed using the ultimate bending stress given by Eq. 6.
u
The resulting value of pth agrees with the experimentally obtained
u
ultimate load within 4%. The percent reduction in ultimate
bending stress shown in parentheses in Table 1 for specimen LB6 is
the value which would have been applicable if no longitudinal stif-
fener were present or if an inadequately proportioned stiffener had
been used.
The second series of tests, performed by Longbottom and Heyman,.
is described in detail in Ref. 15. The girder parameters, stiff-
E:mer' properties and test results are summarized in Table 1. All
of the girders in this series had longitudinal stiffeners of
sufficient proportions to fulfill the requirements of Eqs. 7-9.
In addition, girders E and 4 both had a· second longitudinal
stiffener located at mid depth '(11 2 = 1/2) which was not cons idered
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in calculating the values in Table 1. Since the longitudinal
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stiffener requirements were fUlfilled, the reduction in ultimate
bending stress listed in parentheses in the table for each of the
four girders was not used in calculating P th; it is listed so that
u
the magnitude of the increase in bending strength due to the longi-
tudinalstiffener can be noted. The correlation of the experimental
results with theory is very good, and indicates that when a properly
proportioned 10ngitu1inal stiffener is used, Eq. 6 provides a
reliable estimate of the bending strength.
7. Summary
The behavior of a longitudinally stiffened plate girder subjected
to pure bending has been described. It has been shown that the
redistribution of stress from the compressed portion of the web to
the compression flange, which occurs in transversely stiffened plate
girders with high web slenderness ratios, can be eliminated by a
longitudinal stiffener.
The various compression flange buckling modes have been
reviewed. It has been concluded that a longitudinal stiffener does
not significantly increase the stress at which lateral or torsional
buckling of the compression flange occurs. Based on observations
of test girders, it has also been concluded that vertical buckling
of the compression flange can not occur until the compression
flange is completely yielded.
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The ultimate strength theory for transversely stiffened
plate girders has been reviewed. It has been suggested that the
restriction on maximum web slenderness.ratio CEq. 3), based ona
vertical buckling analysis, is an unnecessary one since vertical
buckling can only be expected to occur after the ultimate moment
has been attained. It has also been proposed that the flange
stress reduction formula CEq. 5) can be app~ied to plate girders
with slenderness ratios greater than 360. This formula has been
checked experimentally only for slenderness ratios up to 450,
however .
Finally, a method of predicting the bending strength of
longitudinally. stiffened plate girders has been presented, as well
as requirements for proportioning both longitudinal and transverse
stiffeners in girders subjected to pure bending. Ultimate load
predictions based on,:this method agree quite closely with the
ultimate loads obtained in tests on five girders with stiffeners
which fulfilled the suggested proportioning requirements, indi-
cating that the method provides a reasonable estimate of the
bending strength of longitudinally stiffened plate girders.
304.9
SHEAR.STRENGTH
1. Introduction
The type of shear panel which will be discussed in this paper
is shown in Fig. 11. The panel consists of a rectangular portion
of the web bounded by the flanges and transverse stiffeners. It is
assumed that the moment present on any section in the panel is
small so that the shear strength of the panel can. be studied
independently.
It has been well established that plate buckling theory is not
adequate to predict the shear strength of a transversely stiffened
plate girder panel. Test results indicate that the ultimate shear
force which a panel can sustain is considerably higher than the
critical shear force calculated according to buckling theory. For
one series of tests the ratio of the ultimate shear force to be
critical shear force varied from about 2 to 4.4
An element subjected to pure shear stresse:s 'T is shown at the
left of Fig. 12a. These stresses cor~espond to the principal
stresses shown at the right of the figure, where the tensile
principal stress 01 is numerically equal to both the compressive
principal stress 02 and the shear stress 'T. The state of stress
shown in Fig. 12a is the type usually assumed in simple beam theory;
in the followina discussion it will be referred to as Tlbeam action
- 26 -
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shear". As the shear force on a plate girder panel is increased,
a stage will be reached where the compressive stress cr2 can no
longer increase becaus~ the web deflects laterally. For an ideal
panel which is initially perfectly plane, this stage occurs when
the shear force reaches the critical value predicted by plate
buckling theory. The stress in the direction of the tension
diagonal continues to increase as the applied shear force
increases beyond the critical shear force. .A field of tension
stresses at of the type shown on the element in Fig. 12b develops
and is the source of the post-buckling shear strength of the panel.
This state of stress is termed lltension field action shear".
The ultimate shear strength of a panel is the sum of the beam
action and tension field action shear forces and will be reached
when the combination of the two states of stress shown in Fig. 12
fulfills the yield condition. Tension field action can develop
only if the panel framing members, that is, the flanges and
transverse stiffeners, which serve to anchor the tension field
stresses, have sufficient strength and rigidity. After the static
ultimate shear 'force is reached, the panel yields and large shear
deformations result. Final failure occurs when these shear
deformations become so pronounced that one of the flanges bends
into the web. This process can be traced on the load-deflection
curve for test girder LS2 in· Fig. 13, where a substantial yield
plateau was obtained before unloading and failure occurred. 6 The
extent of the shear deformations in this girder is evident in
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Fig. 14, a photograph of girder LS2, taken after comp,letion of
the destruction test.
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In 1961, Basler presented a shear strength theory for plate
girders which incorporated both beam action and tension field
action. 2 A number of tests of full size girders have demonstrated
that this theory can .be use;d successfully to. approximate the, shear
strength of transversely stiffened plate girders. 4 ,16 In the
following section, this theory will be used as a basis for develop-
ing a method of predicting the shear strength of longitudinally
stiffened plate girders, The applicability of the method will be
checked with the results of seven shear tests on longitudinally
stiffened plate girders.
2. Ultimate Shear Force
Shear tests on longitudinally stiffened plate girders have
shown conclusively that each individual subpanel can develop its
own tensiqn field independently of adjacent subpanels 6 Photo-
graphs of test girders (for example, Fig.14) provide visual
evidence of this fact. 'In the following development of a method
of predicting the shear strength of longitudinally stiffened
girder panels, the fundamental assumption that each subpanel will
develop its own shear strength is based on this experimental
evidence. The effectiveness of the method in predicting shear
strength will be compared with test results later.
A longitudinally stiffened panel with separate tension fields
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in subp~nels TIl!! and TlOTl is shown in Fig. 15. The subpanel dimen-
s ions . are aI' bl ·and ab' bO' where bO = b - bl . Us ing the notat ion
1'11 = b/b, the corresponding subpanel slenderness ratios are'l\
b/t = 1'11~and'~ 0 = bolt = ~ (1 - 1'11), while the subpane 1 aspect
ratios are Q'l = a/bl = Q'/1'1 1 and Q' 0 = aO/bO =Q' 1(1 - 1'1 1) ': The sub-
panel shear strengths will be designated V
ul and Vuo '
The ultimate shear force of the longitudinally stiffened panel
is assumed to be the sum of the shear strengths of the two subpanels,
v = V + V
uou .ul ( 12)
Dividing both sides of Eq. 12 by Tyblt and using the definitions
1'1 1 = bl/b and 1 - 111 = bo/b, Eq. 13 is obtained,
( 13)
The quantity T bt is defined as the elastic shear force Vp nor the.y
entire .panel while the subpanel shear forces are given by Vpl -
Tyb l t and Vpo = T ybot. Thus, Eq. 13 can be written
(14)
To simplify the not?tion, the definitions V l/V 1 = (V IV )1 and
u pup
Vuo/Vpo = (Vu/Vp)o will be used, resulting in the basic equation
for the ultimate shear force for a longitudinally stiffened panel
in the non-dimensional fGrm,
Vu =(VU) 11 + (Vu )
V V 1 1 V 0P P P .
( 15).
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The approach used by Basler will be adopted to evaluate the
components (V IVp)l and (V Iv )0 in Eq. 15. For subpanel "lIT,
u . u. p
the ultimate shear force Vut. is equal to the sum of the beam
2
action contribution V71 and the tension field contribution V~l'
-30
(16)
,The beam action contribution is defined as the shear force carried
by the web at the theoretical web buckling stress (7 )1'
cr
( 17)
The tension field contribution is the vertical component of
the tension field force Fl' Using the tension field geometry shown
~': . b lin Fig. 15 , Fl = 0' tl 2"" t, where"'" tl' is the tension field stress.
The vertical component of Fl is
(18)
By substituting the values of V71 and V0'1 from Eqs. 17 and 18
into Eq. 16 and non-dimensionalizing the resulting expression with
V 1 =7 blt and.... ='" 1/5, the component (V IV ) 1 can be obtained.p y 'y y u P
A similar expression for (V Iv )0 can a±so be derived using the
u p
process described above:
~': A discussion ofvariotls tension field geome'triesand:their effect
on the value of the .tens ion fie Id contribu\:ion. to the ultimate
shear force is ~ncluded in Ref. 17.
-,
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( ~u) = ('T''T'cr) + V; (:t) .
. p 0 y 0 y 0
( 19)
1 f ('T'cr ) < 1, .
11+ [a/(1-il
l
)}2" or'T'y 0-
where the limit on the 'T' /'T' ratios is based on the assumption that
cr y
no tension field action will be developed if the critical shear
stress exceeds the shear yield stress.
The ultimate subpanel shear forces will be reached when the
combination of beam action and tension field action stresses
satisfy the yield condition. An approximate form of Mises T yield
2
condition could be used for this purpose. However, it has been
pointed out that this approximate form is more conservative for
higher aspect ratios.17 The subpanels of a longitudinally stiffened
panel will usually have quite high aspect ratios. Therefore, to
avoid having the predicted shear strength according to Eq. 14 be
excessively conservative, the use of Mises T yield condition in its
exact form is desirable:. According to Ref. 17, the corresponding
a /0 ratios aret y
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!5 ('1" cr) .
- -- ---- sln(28)2 '1" 1
Y 1 .
-32
(20)
These equations can be simplified by substituting the values of
sin (2~1) and sin(280), where 81 and 80 are the angles of the two
subpanel diagonals:
(~) = Jl
Y 1
( 21)
•
Provision was made in the shear strength theory for trans-
versely stiffened girders for panels with low slenderness ratios
to develop a shear strength greater than the plastic shear force
V because of strain hardening. 2 ·In a longitudinallyp
stiffened panel,.it is possible for one subpanel to have a low
slenderness ratio while the other subpanel does not. For example,
consider a girder having ~ = 300 and TIl = 0.2; the subpanel slender-
ness ratios are ~ 1 = 60 and ~ 0 .= 240. In this case, subpanel ITl"
would be well Lito the strain-hardening range before its fails. 2
However, there is no assurance that subpanel ITO" could tolerate
the associated shear deformations withouthaving one of the subpanel
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boundary members fail. Therefore, to fulfill the requirement of
compatibility of subpanel deformations, it is necessary;to
eliminate the possibility of a subpanel reaching the strain-
hardening range:
( VVu \ = 1, for (:ycr)l > 1,P ) 1 I
(22)
The values of the critical shear stresses of the subpanels
2
are given by ,
1" = 1" .
cr crl , . for 1" . < O. 81"crl y (23a)
1"
cr f 1" > 0.81"
, or cri y
(23b)
1" .=crl
(23c)
The subpanel buckling coefficient k is determined assuming simply
supported edges, ~ince the degree of fixity along the subpanel
borders will vary considerably and would be difficult to evaluate
even for a specific web, flange and longitudinal stiffener size.
From Ref. 17, the k-values are given by
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k = 4.00 + 5.34/Q'1 , for Q'l < 11
kl 5.34 4.00/Q'1
2 for 1= + Q'l >,
2 (24)k = 4.00 + 5.34/Q'0 , for Q'o < 1··0
kO 5.34 + 4.00/Q'0
2 for 1= , Q'o >
It should be noted that since the flanges will always restrain the
web to· some extent, the use of Eq[. 24 ' tb' )determine the subpanel
k-values shouilid result in a conservative estimate of the subpanel
shear strengths.
As an example, the non-dimensionalized ultimate shear forces
of the subpanels given by Eqs. 19 and 22 are plotted in Fig. 16 for
+
Q' = 1.5, 1'1 1 = O. 33 and
(comparison purposes is
e = 0.0012. Also shown in the figure fory
the V /V curve for the same panel if theup'
longitudinal stiffener were not used. For this case, (V /V )1 is
u p
greater than (V/V ) for the entire range of S-ratios
u p unstiffened
while (V /V )0 is less than (V /V) t' ff d for S > 230. Theu pup uns 1 ene
points of discontinuity on each curve represent the transition
from the elastic range to the inelastic range, that is, 1 = 0.81
cr y
"-According to Eq. 15, the ultimate shear force for the stiffened
panel for ap~rticular value of ~ is obtained:Jpy mulfiplY:UDg the
corresponding values of (Vu/Vp)l and (Vu/Vp)o by 1'1 1 and (1 - 1'1 1),
respectively, and multiplying the sum of these two products by the
plaptic shear force Vp '
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Figures 17, 18 and 19 show the results of such a calcuJ..ation
for ~l = 0.2, ~l = 0.33 and ~l = 0.5, respectively. In each
figure, the ultimate shear strength curves are plotted for three
values of aspect ratio; ~ = 0.75, a = 1.0 and ~ = 1.5. For ~l
= 0.2 (Fig. 17), the transition points. for (V IV)l = 1 occur near
u p
~ = 380 and'those for (T )0 = 0.8 T occur near Q = 150. (Thecr y I-'
point where (Tcr) 1 = 0.8 T Y occurs above S = 400 for ~ 1 = 0.2).
Three transition points are shawn on the curves for ~ 1 = 0.33 in
'Fig. 18: (T )1 = 0.8rr at ~ t;::::: 295, (V Iv )1 = 1 at ~~240 and
cr y u p
(T ) 0 = 0.8 T at ~ ~ 160. Since the two subpanels are the samecr y
size when ~l = 0.5, only the transition points for (T)l = (rr )0
cr cr
= 0.8 Tyare shown in Fig. 19. The ultimate shear force ratio
V Iv for a longitudinally stiffened panel can be determined by
u p
selecting the figure for the proper ~l value and reading off the
ordinate where the slenderness ratio ~ intersects the proper aspect
ratio curve.
~he optimum stiffener position ~l varies with the slenderness
ratio. For the lower range of ~-ratios, ~ = 0.5 gives the highest
value of Vu/Vp; for 220~S ~.280, ~i = 0.33 is the optimum position
and for ~ > 280, ~l = 0.2 gives the highest Vu/Vp value. This
situation is shown in Fig. 20, where the ultimate shear strength
curves for longitudinally stiffened panels having ~ = 0.75, 1.0 and
1.5 are shown. Only three stiffener positions (~l = 0.2, ~l = 0.33
and ~ 1 = 0.5) are considered in the figure and for each value of ~ ,
304.9
the V IV curve shown is for the stiffener position which givesu - p
the highest value of V IV .
u p
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Also-shown in-Fig. 20 are the ultimate shear strengtr curves
for unstiffened panels with ~ = 0.75, 1.0 and 1.5, so the increase
in shear strength due to the longitudinal stiffener can be seen
\graphically. A better indication of this, however, can be obtained
from Fig. 21, where the ratio-of the shear-strength of the stiff-
ened -, panel to the shear strength of the unstiffened panel 6. is
plotted against the slenderness ratio. Again, only three values
of aspect ratio and three stiffener positions are considered. The
efficiency ratio 6. is 1.0 until the shear strength of theun.stiff-
ened - panel becomes less than Vp' _This occurs for 90 < e< 220,
and below this range of 6 ~values, no advantage is gained by using
longi~udinal-stiffeners. Apeak Qn the efficiency curves is
-reached at the highest r-l.-value:for which (V IV ) t- ,; f- f- -·.'d'-- = 1.0.
10' ups l ene
At about 6 = 220, an abrupt transition occurs' as the optimum
stiffener position changes frDm 11 1 = 0.5 to 111 = 0033, and a
similar transition occurs at about 13 =280 when the optimum 11 1 -
value changes from 0.33 to 0.2. Of the three aspect ratios
considered, ~ = 1.5 provides the greatest increase in shear
strength due to a longitudinal stiffener with an increase of over
10% for the entire range 180 <-13 < 400 and a maximum -increase of
47% at 6 = 155:~:_ Similar efficiency curves coula. be prepared using
Eqs ~ 15, 19, 2:1., 22, 23 and 24:. to include more stiffener positions
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and a larger number of aspect ratios, so that for any ~ - value
the optimum ~l - value could be d~termined more accurately and
for these Q' and ~ 1 values the increase in shear,-,strength due to a
longitudinal stiffener cou~d ·.also be determined.
3. Longitudinal Stiffener Requirements
A longitudinal stiffener must fulfill three requirements if the
ultimate shear strength of the stiffened panel is to be attained:
1) It must be rigid engugh to force a nodal line in the
deflected web so that separate tension fields will form
in the subpanels.
2) It must have sufficient area to transfer the horizontal
. components of the tension fields from one side of a
panel to the other (see Fig. 15).
3) It should be proportioned according to Eq. 7 to avoid
premature local buckling.
The first requirement can be satisfied by providing the minimum
~'c
stiffener rigidity YL obtained from a web buckling analysis .
.....~
Unfortunately, formulas for Y~ are not available for the various
stiffener positions considered in this discussion. However,
charts have been published in Ref. 18 to determine YL for ~l =
0.2, 0.25, 0.33, 0.4, and 0.5 and for 0.7 < ~ < 3.8. Curves plotted
from data obtained from these charts are shown in Fig .. 22 for ~ 1
~~
= 0.2, 0.33 and 0.5 and the values of YL for these same ~l - values
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and a = 0.75, 1.0 and 1.5 are listed in Table 2 .
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The horizontal components of the two subpanel tension field
forces (Fig. 15) are
/
/
b b
o 0
""2 case0 = cr to t "'2"
Cc' 0
(25)
Cc' 1
/
2'
1+Cc'1
The following approximate expressions can be used for the tension
2field stresses crtO and a tl :
;~o = 1 _ (~~r\
:tl = 1 _ (~ cr\
y y )1
(26)
Unless the longitudinal stiffener is at midheight (~l ~ 0.5), the
horizontal components of the tension field forces in the two sub-
panels ~ill be different in magnitude. These forces will be at
least partially anchored by the tension fields in the adjacent
subpanels .. The adjacent panels are assumed to be the same size
(same a ande-ratios) and to have the same stiffener location
(~ame ~l-ratio). If it is further assumed that the horizontal
components are all applied at the corners of the subpanels (see
Fig. 15), the longitudinal stiffener will be required to carry the
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difference between the two horizontal components, thus the force
on the longitudinal stiffener FL,,is
FL = Fho - Fhl (27)
A longitudinal stiffener is a compression member and should be
proportioned according to Eq. 7, as already pointed out. In addi-
. .I
,
tion, the lo~gitudinal stiffener force FL should be modified if the
stiffener slenderness ratio t/r is large enough to cause premature
..
lateral buckling. Thus, the required longitudinal stiffener area
As£ is FL/(~cr)t' where (crcr) is the lateral buckling stress oft
the stiffener as determined from Eq. 1. Therefore, Eq. 27 becomes
(28)
stiffener area requirements in non-
l
Iby the web area A
w
= bt. .Defining
as the ratio AsL*/A
w
and us~ng Eqs. 25 and 26,
* Fho-FhlA =
sL (~.. )
cr ,f-
It is convenient to specify
.dimensional form by dividing
As pointed out in the discussion of longitudinal stiffener
requirements to develop the bending strength, an effective width
of 20 times the web thickness can be assumed to act with a one-sided
•
stiffener in resisting axial force or lateral bending. Therefore
the stiffener area and section properties used in establishing the
304.9
stiffener proportions can be computed for a liTH section
consisting of the one-sided stiffener and20t of the web.
4. Transverse Stiffener Requirements
The transverse stiffeners must have sufficient area to
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transfer the vertical component of the tension field force from
the top of a subpanel to the bottom (see Fig. 15). A stiffener
must therefore have sufficient area to carry the larger of the
vertical components "of the two· subpa.nel tension field forces.
With the longitudinal stiffener located between middepth (1h= O~ 5)
and the compression flange, subpanel "O" will have the larger
vertical.component. Thus,· the transverse stiffener force can be
expressed (see Fig. 15) as
t b
o 0FT = O"to t""2 sin80 =O"to t""2
1
I 2'1+01 .
o
(38)
The tension field stress cr to can be evaluated from Eq. 26.·· . ~.
The required transverse stiffener are~ A
st* = FT/cry ' and in non-
dimensional form, Eq. 20 becomes
o
. ~':
T
A 'i'c
sT
= =A
w
1 (31)
Transverse stiffeners are compression members and, like the
longitudinal stiffeners, should be proportioned according to Eq. 7
to avoid premature~.local_ buckling. The transverse stiffener
area requirement may have to be modified for large stiffenert /r
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ratios. When this modification is necessary, it can be accomplished
in the same manner as for the longitudinal stiffeners as discussed
in the preceeding section.
5. Correlation With Test Results
The shear strength theory developed in this section can be
checked experimentally with the results of the shear tests on longi-
tudinally stiffened plate girders.described in Ref. 6. The princi-
pal specimen parameters, stiffener properties and ultimate loads
for the seven tests are summarized in Table 3~
satisfied for all tests except test 1S4-Tl, where only 91% of 0T*
was supplied.
The longitudinal stiffener rigiditY,requirements (from Table 2)
were exceeded for all seven tests; however, the longitudinal stif-
fener area requirements (from Eq. 2~) were fulfilled in only four
tests. For test 1S3-Tl, only 76%.ofo * was supplied, while forL
tests 1S3-T2 and 1S4-Tl, 95% and 87% of 01*' respectively, were
supplied. However, a longitudinal stiffener failure was observed
in only one of these cases. In test LS3-Tl, just before the ultimate
load was reached, a sudden increase in lateral stiffener deflection
was observed, resulting in a rapid drop in the applied load. In
spite of this failure, the panel was still able to maintain a load
•·304.9
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higher than that predicted by the theory. The oehavior of the
longitudinal stiffeners in the three tests where 0L<OL* is a
good indication that the stiffener area requirement given by
Eq. 29 is conservative.
In the last section of Table 3 the theoretical ultimate
-42
loads predicted by the theory, the experimentally obtained
ultimate loads and.the correlation ratio P ex/p th are listed.
u u
For the seven tests this ratio varied from 1.00 to 1.18, with a
mean value of 1.10. While it is difficult to establish a trend
from seven tests, it could be postulated that the theory is about
10% conservative, with, experimental scatter for the seven tests
ranging from -10% to +8% from this point. There does not appear
to be any tendency for the theory to be more conservative for some
values of ~ and ~l than for others.
The conservative nature of the shear strength theory could be
attributed to two factors. The first of these is the assumption
that the buckling coefficient for the subpanels should pe that
associated with a plate with simply supported edges. It has been
po~nted out previously that the flanges will exert some restraint
on the web plate. However, the extent of this restraint is
difficult to e~tablish so the assumption of simply supported edges
was intentionally made to be conservative. The other factor which
could contribute to.the conservativeness of the theory is the
type of tension field geometry which was assumed. The model
'.
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which was used, that of a diagonal tension field with width b/2,
was selected because it appeared to approximate the~behavior of
. I
transversely stiffened plate girders rather closely. Observations
of the tension fields which developed in the longitudinally
stiffened girder tests indicated that the model was also a
reasonable approximation for the range of.Q' and 11 1 ratios which
was tested. For this reason, it can be concluded that the use of
buckling coefficients for simply supported panels is the main
reason for the conservative nature of the shear strength theory
developed in this report .
6. Summary
A method of predicting the shear strength of longitudinally
stiffened plate girders has been developed. The method is based
on the assumptions that the subpanels formed by a longitudinal
stiffener can develop independent tension fields, that the shear
strength of a subp~nel can be estimated using a diagonal tension
field w~th a width of one-half the subpanel depth and',:that the
ultimate shear strength of a stiffened panel is equal to the sum
of the shear strengths of the subpanels. Transverse and longi-
-,~udilinal stiffener requirements have also been established based on
the assumed tension field geometry.
Based on,the theory, the shear strengths of panels with
aspect ratios equa;:L to 0,75,1.0 and 1.5 and with longitudinal
stiffeners located 0.2, 0.33 and 0.5 times the web depth from the
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compression flange have been computed and presented graphically.
The optimum stiffener position was found to vary with the web
slenderness ratio and.the increase in shear strength due to a
long,itudinalstiffener was found to vary with both aspect ratio·
and slenderness ratio. According to the theory, an increase in
shear strength of over 40% can be obtained for some values of
aspect ratio and slenderness ratio and a minimum increase of 10%
can be attained for slenderness ratios from 100 to 400 if the
proper aspect ratio and stiffener position are used.
The results of seven shear tests qn longitudinally stiffened
plate girders have been summarized and compared with the shear
strength theory. The test results indicate that the stiffener
proportioning requirements are conservative and that the ultimate
shear strength predicted by the theory provides a conservative
estimate of actual girder shear strength .
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NOMENCLATURE
1. Lower Case Letters
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a: panel width or distance between transverse stiffeners
b: panel depth or distance between flanges; with sub-
script fflll, distance from compression flange to
longitudinal stiffener
c: half of flange width; with subscript II S Il, width of a
longitudinal stiffener
d:
•
k:
,f,:
r:
t:
flange thickness; with subscript liS II , thickness of a
longitudinal stiffener
buckling eoefficient
effective length of a column
radius of gyration
web thickness
2; Capital Letters
A: area
E: modulus of elasticity, 30,000 ksi.
F: force
r: moment of inertia
M: bending moment
P: test load on a girder
s: section modulus
V: shear force
,
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3. Greek Letters
panel aspect ratio, alb
-46
y.
6:
e :
.web slenderness ratio, bit
stiffener rigidity ratio, 12(1 - v 2) I Ibt 3
s
stiffener ate~·tatio,~A fA ..
. s w
strain
..
11: longitudinal stiffener position, 1 = b/b
A: column buckling parameter
v: Poisson's ratio, 0.3
P: ratio,of web area to flange area, Aw/Af
~: normal stress
T: . shear stress
4. Subscripts
cr: critical
cri: ideal critical
f: flange
.t: . lateral buckling
p: . plastic
s : stiffener
"t: tension, torsional buckling
u: ultimate
w: web
y: yield
o: subpanel "0 "
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~: . subpanel Tt 1Tt
it: centerline
L: longitudinal stiffener
T: transverse stiffener
(J : as carried in tension
,. : as carried in shear
5. Superscripts
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experimental
theoretical
required
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*
~'c -J~
0- YL for 11 1 =0.2 YL for 11 1 =0.33 Y L for 11 1 =0.5
·0.75 0.4 2.5 11
1.0 3 8 35
1.5 17 32 140
Table 2 Longitudinal Stiffener Rigidity Requirements (Ref. 18)
TEST LSI-T2 LS2-Tl LS3-Tl LS3-T2 LS3-T3 LS4-Tl LS4-T2
0- 1.0 1.0 1.5 1.5 0.75 1.0 1.0
~ 256 275 276 276 276 260 260
\ 0.33 0.33 0.33 0.33 0.33 0.20 0.50
*
°T 0.212 0.210 0.160 0.160 0.232 0.258 0.143
°T 0.315 0.315 0.275 0.275 0.342 0.235 0.315
*it:
YL 8 8 32 32 2.5 17 35
YL 264 164 49 116 116 116 116
*
°
0.238 0.208 0.275 0.275 0.201 0.302 0.000L
°L 0.502 0.288 0.208 0.262 0.262 0.262 0.262
P th(kips) ,375.0 296.0 253.0 25'3.0 315.8 381.0 .342.6
u
pex(kips) 414 .0 315.5 278.5 296.0 338.0 380.5 405.5u
pex/p th 1.10 1.06 1.10 1.17 1.07 1.00 1.18
u u
Table 3 Correlation of Shear Strength Theory
With Test Results (Ref. 6)
••
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SOURCE REFERENCE 6 REFERENCE 15
SPECIMEN LB2 LB3 LB4 LB5 LB6 D E 3 4
01 1.0 1.0 1.5 0.75 1.0 0.60 0.40 0.60 0.45
S 447 447 447 447 407 299 401 300 400
1\ 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
c/d 8.0 8.0 8.0 7.9 5.1 3.0 5.0 6.4 6.7
(crC/ O y) t f 0.991 0.991 0.981 0.995 0.988 0.759 0.736 0.887 0.898
*1: 20.6 21.4 37.6 14.2 23.1 .11.4 7.7 12.2YsL 8.9
YsL 27.6 49.6 27.6 27.6 36.7 22.6 16.8 23.1 17.4
cS/dS 16.3 20.3 16.3 16.3 7.8 13.4 13.4 12.3 12.3
o.6(crcr/cr y)tf 0.595 0.595 0.589 0.597 0.593, 0.455 0.442 0.532 0.539
(crc/cry)ts 0.795 0.872 0.514 0.879 0.796 0.946 0.956 0.932 0.932
sL/0I (in. 3) 0.110 0.096 0.099 0.102 0.181 0.008 0.011 0.324 0.417
sT (in. 3) 0.562 0.562 0.562 0.562 0.562 0.013 0.064 0.583 0.583
% Red. 10.7 10.6 10.5 10.5 (13.7) (17.2) (24.2) (16.4) (26.1)
P th (k) 153.6 149.9 143.6 148.3 i17.9 28.3 38.6 189.7 238.8
u
p ex (k) 152.0 150.0 147.0 150.8 112.8 28.2 36.3 194.2 237.4
u
P e7P th 0.99 1.00 1.02 1.02 0.96 1.00 0.94 1.02 0.99u u
Table 1 Correlation of Bending Strength Theory With Test Results
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Specimen LSI
a =1.0 , ,8=444
Pcr= 15.l k
ex kPu =156.5
, I
o 0.1" 0.2"
, , ,
o 5 10ksi
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(0) Lateral Web Deflections (b) Stress Distributions
Fig. 1 Test Measurements on Specimen LBl
Specimen LB3
a = 1.0, {3=447
Pcr=81.4 k
P~~150.0k
Scole for w:
, I
o 0.1" 0.2"
t=0.123"
Scale forO":
, , I
o 5 10ksi
(a) Lateral Web Deflections (b) Stress Distributions
Fig. 2 Test Measurements on Specimen LB3
..
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Fig. 3 Compression Flange Column Buckling Modes
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2c
2c
Cs
CASE I
A= Af = 2cd
I=£. c3d3
CASE n
Af =2cd
As=2cs ds
A =2cd+2csds
I =~ (c3d+C;ds>
CASE ill
Af =2cd
As= csds .
A =2cd+cs ds
I =t(2c3d+c~d'>
Fig. 4 Section Properties of Various Compression
Flange Columns
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Assumed
Hinge
(a) Assumed Model
Compression Flange
(b) Loading
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Fig. 5 Torsional Buckling Model
Fig. 6 Vertical Buckling of Compression Flange
(Test G4-T2, Ref. 4)
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A 01.0
Mu
B
My
0.5 G"y =33 ksi
P = 1.0
{3 =53 {3 =170 {3e = 360
A 0
0 100 200 300 400
..i
{3
Fig. 7 Ultimate Bending Moment as Influenced
by Web Slenderness Ratio
'.
0.5
o
53
100
G"y = 33 ksi
200 300
360
{3 400
Fig. 8 Flange Stress Reduction Curves
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Fig. 9 Lateral Buckling of Longitudinal Stiffener Column
(a)
(b)
Fig. 10 Derivation of Transverse Stiffener Requirements
,.1
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Fig. 11 Typical Shear Panel
(a) Beam Theory Shear Stress
(b) Tension Field Stress
Fig. 12 Stress States in Plate Girder Web
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Fig. 13 Load-Vs-Centerline Deflection Curve
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Fig. 14 Girder LS2 After Testing
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Fig. 15 Tension Field Model for Longitudinally
Stiffened Panel
1.01----------...:---~------______
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'---__~V
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"7
1
=0.33
€y =0.0012
o 100 200 300 400
Fig. 16 Subpanel Ultimate Shear Forces, Q' = 1.5 and 111 = 0.3,3
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.,
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Fig. 17 Shear Strength Curves for ~1 = 0.2
1.0~-------...........,:---.
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200 300
Fig. 18 Shear Strength Curves for ~1 = 0.33
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Fig. 19 Shear Strength Curves for ~1 = 0.5
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Fig. 20 Shear Strength Curves Using Optimum Stiffener Position
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Fig. 21 Increase in Shear Strength Due to the Use
of a Longitudinal Stiffener
3a 2
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Fig. 22 Longitudinal Stiffener Rigidity Requirements \
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